ABSTRACT: Intrinsic factor (IF 50 ) is a cobalamin (Cbl)-transporting protein of 50 kDa, which can be cleaved into two fragments: the 30 kDa N-terminal peptide IF 30 and the 20 kDa C-terminal glycopeptide IF 20 . Experiments on binding of Cbl to IF 30 , IF 20 , and IF 50 revealed comparable association rate constants (k +Cbl ) 4 × 10 6 , 14 × 10 6 , and 26 × 10 6 M -1 s -1 , respectively), but the equilibrium dissociation constants were essentially different (K Cbl ) 200 µM, 0.2 µM, and e1 pM, respectively). The smaller fragment, IF 20 , had unexpectedly high affinity for Cbl; however, efficient retention of the ligand required the presence of both fragments. Detailed schemes of the interaction of Cbl with IF 50 and with IF 30 and IF 20 are presented, where the sequential attachment of Cbl to the IF 20 and IF 30 domains plays the key role in recognition and retention of the ligand. Each isolated fragment of IF was tested for the binding to the specific receptor cubilin in the presence or absence of Cbl. Neither apo nor holo forms of IF 20 and IF 30 were recognized by the receptor. When two fragments were mixed and incubated with Cbl, they associated into a stable complex, IF 30+20 ‚Cbl, which bound to cubilin as well as the noncleaved IF 50 ‚Cbl complex. We suggest that formation of the cubilin recognition site on IF is caused by assembly of two distant domains, which allows the saturated protein to be recognized by the receptor. The obtained parameters for ligand and receptor binding indicate that both full-length IF 50 and the fragments may be involved in Cbl assimilation.
Intrinsic factor (IF) 1 is one of three cobalamin (Cbl or vitamin B 12 )-transporting proteins present in a mammalian organism (1) (2) (3) . Abundant secretion of IF into the intestinal tract is necessary for normal assimilation of the vitamin. IF is relatively resistant to proteolysis, and its binding activity exceeds by far the amount of Cbl liberated from food (1, 3) . High selectivity toward Cbl (4) and high affinity of the saturated protein for the specific receptor (5, 6) distinguish IF from other Cbl transporters. The above features guarantee (i) uptake of the physiologically active ligand and (ii) accessibility of the receptor, which is not blocked by an excess of unsaturated IF.
IF is employed as an additive to many vitamin preparations as well as in the Schilling test. The binder is also used for measurement of Cbl levels in biological samples (7, 8) .
Therefore, understanding the mechanisms behind IF action is important for proper application of this protein for both analytical and medical purposes. The continuing controversy over the affinity of specific binders for Cbl with exceptional dispersion of the results [K Cbl ) 10 -14 -10 -8 M (9-12)] emphasizes the significance and necessity of the thorough kinetic analysis.
In our previous work (13), we investigated oligomerization of the full-length protein IF 50 and its two proteolytic fragments upon Cbl binding. The first fragment, IF 30 , represented the N-terminal peptide of 30 kDa with most of the conservative residues and all disulfide bridges. The second fragment, IF 20 , contained only 13 kDa of the C-terminal sequence, and the rest of its mass (≈7 kDa) originated from the attached carbohydrates. Dissection of IF provided an excellent opportunity to gain deeper insight into the role of different domains during ligand binding and receptor recognition. A two-domain organization of IF was suggested, where assembly of the distant units, IF 30 and IF 20 , appeared to be important for adjustment of the ligand inside the binding site. The two domains mentioned above were connected by a link, which seemed to be responsible for dimerization of the fulllength protein after its saturation with Cbl. Dimers were, however, unstable under in vitro conditions.
In this paper, we quantify (i) binding of Cbl to IF and its fragments, (ii) assembly of the IF domains in the presence of Cbl, and (iii) interaction of the IF variants with cubilin. A composite organization of both the Cbl binding and receptor recognition sites is suggested.
EXPERIMENTAL PROCEDURES

Materials
All standard chemicals were purchased from Merck, Roche Molecular Biochemicals, and Sigma-Aldrich. H 2 OCbl/CNCbl and [ 57 Co]CNCbl were obtained from Sigma-Aldrich and ICN Pharmaceutical Ltd., respectively. The H 2 OCbl specific matrix CobaPure was a product of Cobento Biotech A/S.
Methods
Expression and Purification of Human IF.
The recombinant IF was produced from plants as described in our previous publications (6, 13) . IF from gastric juice was purified according to the method of ref 14. Spectral Measurements and Molar Absorbance. The molar absorbancies of apo-IF and its fragments were calculated from the known number of Trp, Tyr, and Cys-Cys residues according to the equation 280 ) 5500N Trp + 1490N Tyr + 125N S-S M -1 cm -1 (15) . The molar absorbance of unsaturated IF at 354 nm was calculated from the relation 354 ) 280 (A 354 /A 280 ). The specific adsorption (∆ ) of the protein-associated ligand was measured in the following way. Subsaturating concentrations of Cbl (5 µM) were added to IF 50 (25-35 µM) , and the change in the optical response ∆A at 280 and 354 nm was related to the concentration of added Cbl. Increments (∆ ) to the original molar absorbance of apo-IF ( 0 ) were calculated. The molar absorbance of 100% saturated (100% pure) holo-IF corresponded to the relation ) 0 + ∆ . These coefficients were used to calculate the faction of active protein in the obtained preparations; see the next paragraph and section 1 of the Appendix.
Saturation 20 , or a protein-protein model was monitored on a DX.17MV stopped-flow spectrofluorometer (Applied Photophysics) in 0.2 M P i at pH 7.5 and 20°C. Cbl served as a reporting agent because of the changing absorbance of the γ-peak caused by protein binding (11, 16) , K d ≈ 5 µM) at 20°C and pH 3-7. A concentration of the active groups in the matrix of 6 mM ensured efficient H 2 OCbl binding even in the diluted suspension. The peptide-ligand sample (300 µL) was mixed with the resin suspension (10 µL, 1:1 matrix:water ratio), and the final concentrations of the reagents were as follows: 20 µM IF, 15 µM Cbl, and ≈100 µM CobaPure active groups. The sample was incubated with mild agitation in 0.2 M P i at pH 7.5 and 20°C. After different time intervals, the suspension was briefly centrifuged (for 10 s at 14 000 rpm), whereupon the concentration of Cbl in the supernatant was measured spectroscopically. The supernatant and the pellet were mixed again, and incubation was continued. The time of the reaction included only the suspended state of the sample. In the alternative filtration setup, 1-2 mL of the IF/Cbl/resin suspension was prepared, and 200 µL fractions were quickly filtered at time intervals. The absorbance in the filtrate was then measured. Filtration and centrifugation methods gave similar results.
Cbl Cbl at concentrations varying from 5 to 230 pM. The samples were incubated for 10 min (20°C) or 20 h (5°C), whereupon the excess of the free ligand was adsorbed on charcoal for 10 min. The protein-associated radioactivity was measured in the supernatant. Radioactivity in the control samples (without IF) was subtracted from that in the experimental samples (with IF).
Binding of Cbl at Physiological Concentrations. The assay was carried out as described in the previous paragraph with certain modifications. The protein was taken in high excess (10- Therefore, a control experiment was carried out, in which the potential binding activity of IF 50 was suppressed by "cold" Cbl (2 nM) prior to the binding of the "hot" Cbl. No difference between the two setups was found. Small portions of the reaction medium were mixed with charcoal at time intervals. When the reaction proceeded (20 min), all the samples were incubated with charcoal for an additional 10 min and centrifuged. Radioactivity was measured in the supernatant.
Binding of IF to the Receptor. Binding of IF to immobilized cubilin was performed on a BIAcore 2000 instrument as described previously (5, 6, 13) .
Kinetic Analysis. Fitting was performed with help of KyPlot 4 (Kyence Inc.) and Gepasi 3.2 (18) . The statistical data are presented as the mean ( the standard deviation.
RESULTS
Spectral Characteristics of the Unsaturated IF.
Isolation of the full-length protein, IF 50 , and fragments IF 30 and IF 20 was described in our previous publication (13) . All protein samples were devoid of Cbl and renatured prior to the binding experiments (13) . Absorbance spectra of the apo forms of IF 50 and IF 30 with IF 20 are shown in Figure 1 (bottom curves). The coefficients of molar absorbance were calculated as described in Materials and Methods and are presented in Table 1 .
Absorbance Ratio of the ActiVe Protein. The optical response from H 2 OCbl was measured at the subsaturating concentrations of the ligand ( Figure 1A ). This allowed us to establish the increments ∆ of the Cbl molar absorbance added to that of the apoprotein ( 0 , Figure 1A ,B) and from that of the protein, which was not subjected to GdnHCl treatment (6) .
As follows from Table 1 and our previously published data (11, 16, 19) , the spectrum of Cbl is sensitive to the surrounding conditions. Therefore, the change in intensity of the γ-peak during the binding experiments was related to the binding of Cbl to IF and the following protein association.
Binding of Cbl to the N-Terminal Fragment, IF 30 . H 2 OCbl at a constant concentration was exposed to varying concentrations of the IF 30 peptide, and the optical response was followed over time ( Figure 2A) . The recorded reaction corresponded to the reversible binding (see section 2 of the Appendix). Extrapolation to the infinite concentration of IF 30 according to the hyperbolic function or eq 2.1 gave the maximal amplitude equal to 0.054 ( 0.003 or 0.047 ( 0.003 cm -1 , respectively. On that basis, the coefficient of relative optical response was calculated ( ∆ ) 2500 ( 500 M -1 cm -1 ), whereupon the ∆ values of 2000, 2500, and 3000 M -1 cm -1 were sequentially assigned as the constants in eq 2.2. Three curves were fitted using the same ∆ , and for each ∆ , the optimal rate constants were calculated by regression analysis: Table 2 with maximal dispersion of the results obtained. This experiment allowed us to make an estimate of the dissociation constant K 30,Cbl (40 ( 20 µM); i.e., the affinity of IF 30 for Cbl was low, yet detectable.
Binding of Cbl to the C-Terminal Fragment, IF 20 . The analogous experiment with the glycopeptide IF 20 demonstrated significantly higher affinity for the ligand ( Figure 2B ). The data that are presented suggest that 20 µM Cbl could already saturate this fragment. Therefore, the final fit was carried out according to the irreversible model (eq 2.4) with two regression coefficients: ∆ ) 1200 ( 100 M -1 cm Figure 2C ). The effect was ascribed to association of the peptides, because the observed velocity was dependent on the IF 30 concentration. The fitting was performed according to eq 2.4 for the irreversible binding with an ∆ of 3400
Binding of Cbl to the Full-Length Form, IF 50 . Addition of Cbl to the full-length protein induced a biphasic response ( Figure 2D ). The first phase had a higher amplitude, was Cbl-dependent, and seemed to represent attachment of Cbl to IF 50 . The second phase was Cbl insensitive, and its expression varied between IF 50 preparations from 20 to 50% of the total amplitude (∆A ) 0.05 ( 0.005 cm -1 ). Since the purity of the protein, its molecular mass (13) , equilibrium binding of Cbl, and receptor recognition were similar and comparable to those of gastric IF (this publication and ref 13) , each IF 50 preparation was considered to be uniform. Therefore, variations in the second phase were ascribed to some conformational differences in IF apo forms, possibly, originating from the denaturing-renaturing procedure. This b Molar absorbance of an absolute preparation (100% pure and 100% active). All coefficients were determined with a standard deviation 1-3% from the mean value (n ) 15). subject requires a separate survey, which is now in progress. For the binding kinetics aimed for this publication, the curves in Figure 2D were simulated according to the two-step model: (i) Cbl binding for which ∆A 1 ) 0.035 ( 0.001 cm
and k 50+1 ) (26 ( 3) × 10 6 M -1 s -1 and (ii) conformational transition for which ∆A 2 ) 0.01 ( 0.001 cm -1 and k 50+2 ) 20 ( 5 s -1 (see section 3 of the Appendix for the details).
Dissociation of Cbl from the IF Fragments. In the previous paragraphs, we analyzed the binding of Cbl to the fragments (Figure 2A ,B) and estimated their k +Cbl and k -Cbl . Yet, the precision of measurements could be questioned. Therefore, the affinity of the fragments for Cbl was probed directly in a competition assay employing an insoluble Cbl-specific adsorbent CobaPure (Figure 3 ). The preliminary experiment showed that the resin efficiently removed free Cbl from the water phase so that its concentration decreased in a few The preliminary experiment ( Figure 3A) showed that the velocity V ads of Cbl adsorption on the resin was essentially slower than the velocity of equilibration of Cbl with the IF fragments (Figure 2A,B) . In addition, the CobaPure-Cbl interaction was hampered by IF due to the fast IF + Cbl T IF‚Cbl equilibrium, where the IF‚Cbl complex seemed to be much less reactive with the resin than free Cbl. This made 
Determined from the data in Figure 2 . b Determined from the data in Figure 3 . c Determined from the data in . The rate constant of Cbl attachment was somewhat higher than that in the stopped-flow measurements ( Figure 2D ).
In the "near equilibrium experiment" for IF 50 and IF 30 with IF 20 in Figure 4A , the incubation was conducted for 20 h, and the produced curves were fit according to the reversible mechanism (eq 2.1). 
Binding of Cbl to IF at Physiological Concentrations. Interaction between [
57 Co]CNCbl and different variants of recombinant IF was followed over time at physiological concentrations: 2 nM 57 Cbl and 10-50 nM IF. As expected, the IF 50 + Cbl reaction was already finished after incubation for 2 min (the 50 nM curve is shown in Figure 4C ). An equimolar mixture of the IF 30 and IF 20 fragments (10-50 nM) was also quite efficient, and the binding reaction was generally accomplished after incubation for 10 min ( Figure  4C , the middle curves). On the other hand, neither IF 30 nor IF 20 could bind Cbl when taken separately (the curves for 10 nM peptides are shown in Figure 4C ). An attempt to interpret the biphasic kinetics of the IF 30 -IF 20 -Cbl binding in Figure 4C is made in the Discussion.
Dissociation of IF‚Cbl Complexes at High Concentrations. Detachment of H 2 OCbl from the binder was initiated by a 4-fold excess of CNCbl in the medium. The data in Figure  4D were fitted using an exponent (solid line) whereupon the initial velocity of the process was calculated by differentiation of the approximating function. It was equal to V 0,Cbl ) k -app [IF‚H 2 OCbl] and was independent of the mechanism; however, the interpretation of k -app essentially depended on the chosen model. At present, we simply report the following values: k -app ) 0.10 ( 0.01 and 0.05 ( 0.01 h -1 for IF 30+20 ‚ Cbl and IF 50 ‚Cbl, respectively. Interestingly enough, the velocity of the ligand exchange for the GdnHCl-treated protein was 2-fold slower than that of the preparation without GdnHCl treatment (13) .
Simulation of Cbl Binding. The deduction of the final kinetic scheme for Cbl binding to IF is presented in the Discussion. Most of the rate constants were obtained from the experiments with results depicted in Figures 2 and 3 . Therefore, the behavior of the model was verified using the data of another test (Figure 4 ), which was conducted by another method and under different conditions. The theoretical curves (Figure 4 , dashed lines) were generated with help of the simulating program Gepasi (18) and the suggested schemes. The model showed a reasonable agreement with the experimental data, yet a better correspondence could be obtained by increasing k +Cbl from 2 × 10 7 to 5 × 10 7 M -1 s -1 (not shown). A possible explanation of the deviation visible in Figure 4C is given in the Discussion.
Binding of IF Variants to Cubilin. BIACore analysis of interaction with the specific receptor showed no binding of IF 50 and Cbl when they were added separately to the cubilincoated chip ( Figure 5A ). Mixing of IF 50 and Cbl prior to the receptor binding initiated a response from the chip ( Figure  5A ). The recorded curves were similar to those observed for the original protein, which was not exposed to GdnHCl (13) .
The analogous experiment was performed with the separated fragments. The binding was observed for neither IF 30 nor IF 20 with or without Cbl (Figure 5B,C) . A slight response in Figure 5B was caused by artificial adsorption of Cbl added Figure 5D ) interacted with cubilin in a manner identical to that of IF 50 ‚Cbl ( Figure 5A ).
DISCUSSION
In this paper, we investigate (i) the kinetics of Cbl binding to the specific protein IF, (ii) the assembly of the protein domains by the ligand, and (iii) the recognition of holo-IF by the receptor. The protein was purified from the recombinant plants by affinity chromatography (6, 13) and devoid of Cbl by GdnHCl treatment. Three unsaturated apo forms (the full-length binder IF 50 , the N-terminal peptide IF 30 , and the C-terminal glycopeptide IF 20 ) were isolated as described previously (13) . The renatured proteins induced the typical changes in the spectrum of Cbl upon its binding (Figure 1) . They also demonstrated a high affinity for Cbl (Figure 4 ) and normal interaction with the receptor (Figure 5 ). The fraction of the active protein (AP) was determined by a new spectral method suggested in section 1 of the Appendix. The obtained value of AP (0.97 ( 0.03) indicated a high recovery of the protein.
We started our investigation from the partial reactions between the fragments and the ligand: IF 30 + Cbl and IF 20 + Cbl. Taken in these combinations, the reactants did not produce any oligomers (13) and obeyed the bimolecular reversible kinetics (section 2 of the Appendix and ref 20) . Experiments on the direct interaction between the peptides and Cbl (Figure 2A,B) , as well as competition with a Cbl specific resin (Figure 3) , revealed (i) the low affinity of IF 30 for Cbl and (ii) a relatively good binding of IF 20 to Cbl (Table  2) , when compared with the K Cbl of e1 pM determined for the full-length IF 50 ( Figure 4A,B, this publication and ref  11) . This finding was not anticipated, because the regions with a high degree of homology (21, 22) and four of five potential Cbl binding sites (23) are located on the low-affinity fragment IF 30 .
Although the binding of Cbl to pure IF 30 was weak, this "inferior" peptide proved to be essential for retention of the ligand. Thus, rapid formation of the heterologous two-peptide complex, IF 30+20 ‚Cbl, was detected in the IF 30 +IF 20 ‚Cbl mixture during the stopped-flow ( Figure 2C ) and light scattering experiments (13) . Binding of the ligand by this complex was much stronger than by the isolated IF 20 ‚Cbl complex, saying nothing about IF 30 ‚Cbl. In fact, the ability of IF 30 and IF 20 to hold Cbl was quite comparable with the corresponding feature of the full-length protein IF 50 judged from their dissociation rate constants (Figures 3A and 4D  and Table 2 ). Firm encapsulation of Cbl inside the reassembled IF 30+20 ‚Cbl construction indicated practically normal organization of its ligand site. Therefore, we came to a conclusion that interaction of Cbl with fragments IF 30 and IF 20 closely imitates binding to the native form, IF 50 . In this regard, one might speculate that the protein sequence of IF 20 comprises the primordial Cbl binding site, which was later built up and refined by attachment of the IF 30 unit.
Investigation of the partial reactions made detailed reconstruction of the ligand binding in the IF 30 /IF 20 /Cbl mixture possible (see Figure 6A ). This case seems to be relevant also in vivo because the associating fragments of gastric IF have been described in the literature (24) Figure 4C ). The binding kinetics for IF 30 with IF 20 and Cbl in Figure 4C was expected to be exponential according to the scheme in Figure 6A (top branch), yet two phases were discovered. We assume that the first phase reflects the appearance of the firm IF 30+20 ‚Cbl complex assembled in the correct manner. At the same time, one can speculate about a parallel formation of a loose IF 20 ‚Cbl‚‚‚ IF 30 aggregate as a consequence of erroneous collision between IF 30 and IF 20 ‚Cbl ( Figure 6A, bottom branch) . Such aggregates appear with a probability of ≈20% and are reassembled during tight fixation of the ligand either directly or via complete dissociation of the unproductive formation.
The IF 30+20 ‚Cbl composite construction seemed to restore all the normal properties of the native protein; however, it could not dimerize (13) . We explained this phenomenon by some damage in the corresponding site (13) , as schematically shown in Figure 6A . The physiological role of IF dimerization remains unknown because the dimers are unstable and dissociate easily, at least under in vitro conditions. Thorough examination of the partial reactions simplified analysis of the biphasic interaction between full-length IF 50 and Cbl ( Figure 2D) . Thus, the first phase probably reflected the ligand binding to the C-terminal domain of IF 50 . The second phase was attributed to assembly of the domains, where the detected rate constant may actually correspond to the last step in a series of transitions. Interaction between the domains seemed to be a quite sensitive affair, because expression of the second phase varied between IF 50 preparations. The observed difference could be caused by slight changes during preparation of apo-IF which influenced coordination of the domains. This subject requires the following clarification. The final model of interaction between monomeric IF 50 and Cbl included two steps and is shown in Figure 6B . The rate constants of the forward reactions were obtained directly from the experiments depicted in Figures 2D and 4A ,B (10 min curves). As for the reverse reactions, we assumed k 50-1 to be equal or less than k 20-Cbl of isolated IF 20 . The rate coefficient for detachment of the IF 30 domain (k 50-2 ) was calculated indirectly from the experiment at low protein concentrations where no dimerization was possible ( Figure 4A,B, 22 h curves) . Thus, the assumed equilibrium constant K 50,Cbl of e1 pM was used to evaluate k 50-2 according to the equation
It is unclear to what extent dimerization of IF 50 ‚Cbl with a K d of 1 µM (13) influences dissociation of Cbl, yet, a "chase" experiment at a high concentration of IF ( Figure 4D ) allows us to make a prognosis. The process was simulated with the rate constants from Figure 6B considering equal parameters for H 2 OCbl and CNCbl. The dashed curves in Figure 4D show the results of modeling, going from top to bottom: (1) IF 30 and IF 20 , (2) IF 50 with prohibited dimerization or "leaking" dimer, and (3) IF 50 with allowed dimerization ("dim") when the dimers do not liberate Cbl. The produced curves point to an insignificant effect of dimerization on Cbl retention. This indicates either the direct leakage of Cbl from the dimers or the existence of halfopen dimers omitted in Figure 6B for the sake of simplicity.
The investigation demonstrates that interaction of Cbl with IF is a complex process. Formation of a composite binding site with two domains "glued" together by Cbl requires the correct shape of the ligand. The presence of a "wrong" substrate is expected to cause erroneous distance between the approaching domains which will preclude their "clasp". This can be a reason for the extraordinary selectivity of IF for Cbl (4) combined with a high affinity for the ligand. In that regard, we have to discuss the conflicting values of K Cbl observed for all Cbl specific binders (9) (10) (11) (12) . The appropriate explanation may come from the saturation experiments depicted in Figure 4 . The curves (typically used for K Cbl calculations) show that the insufficient incubation time of the protein-ligand mixture, as well as application of inappropriate equations, will result in severe overestimation of K Cbl . It should be also stressed that the point of halfsaturation for an E + S T ES binding reaction does not correspond to S 1/2 ) K S but to S 1/2 ) 0.5E 0 + K S (where E 0 is the total concentration of the binding sites). These considerations may explain the K Cbl values of g100 pM reported often in the literature.
The exceptional ligand selectivity is not the only particular feature of IF. Thus, only Cbl-saturated IF‚Cbl is recognized by the receptor cubilin (5, 6) , whereas two other binders interact with their receptors in both apo and holo forms (1, 2) . Dissection of IF into two fragments provided an opportunity to test different IF domains, whether they carry the receptor recognition site. As one can see from panels B and C of Figure 5 , none of the isolated fragments was capable of inducing a response from the cubilin-coated chip. The presence of a saturating amount of Cbl did not change this situation. The mixture of the disconnected peptides IF 30 and IF 20 did not interact with the receptor either ( Figure 5D ). Only when the fragments were assembled by Cbl in one complex, IF 30+20 ‚Cbl, did they bind to the receptor ( Figure  5D ) in a manner indistinguishable from that of IF 50 ‚Cbl. We hypothesize that the recognition site is composed of at least two distant components situated on IF 30 and IF 20 domains. Assembly of two fragments (domains) by Cbl brings the scattered components of the receptor recognition site together, which makes IF‚Cbl compatible with cubilin ( Figure  6 ). We cannot completely rule out a situation in which interaction of two domains induces an essential conformational change in only one part of the molecule, either IF 30 or IF 20 , which dramatically increases its affinity for the receptor, yet at present, there is no evidence that can support this mechanism.
Analysis of the IF + Cbl, IF + IF, and IF + cubilin reactions allowed us to suggest a plausible model of ligand binding and receptor recognition. Following assays concerning behavior of the Cbl analogues under analogous conditions may provide more detailed information about the mechanism of Cbl assimilation.
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APPENDIX
Measurement of the ActiVe Protein
The time-dependent increase in the ES concentration from 0 to ES eq (20) can be expressed as:
where ES eq is calculated via eq 2.1, t is time, and ∑k is described by the equation
Optionally, a response coefficient ∆ can be introduced into eqs 2.1 and 2.2 to relate absorbance A to concentration ES via A ) ∆ ES. The experimental points A versus t were subjected to the nonlinear regression analysis with two unknown regression parameters k +s and k -s .
The time dependence of an irreversible reaction (k -s ) 0) can be presented as where k +s is set as the regression parameter for the dependency A ) ∆ ES versus t.
3. Two-Step Binding Model. The data are presented in Figure 2D . The curves were simulated using Gepasi 3. where E and S are IF 50 and Cbl, respectively. The appearance of E‚‚‚S and ES was monitored over time, whereupon the optimal values of k +1 and k +2 were calculated by the regression analysis (18) .
Stability of the Peptide-Cbl
Complexes. The affinity of peptide E for ligand S was measured via a "competition" or "trap" experiment with a specific adsorbent (Figure 3) . The initial velocity of S adsorption (V ads ) was measured at different E 0 concentrations. The scheme of interaction could be drawn as follows:
where E, S, and A stand for peptide IF 30 or IF 20 , Cbl, and adsorbent, respectively, K s is the dissociation constant of the fast equilibration between E and S, and k +a s and k +a es are the rate constant of S and ES adsorption, respectively. We did not indicate dissociation from the adsorbent because this process is irrelevant for analysis of the initial velocity of adsorption V ads . The concentration of A was sufficiently high to be considered as a constant throughout the experiment. The dependency of V ads on E 0 can be expressed as follows:
where S 0 and E 0 are the total concentrations of the ligand and peptide, respectively, and ES is expressed in eq 2.1. Then, after separation of the constants, (i) V s ) k +a s AS 0 and (ii) V es ) k +a es AS 0 , the above equation can be rewritten and used for calculation of K s :
The notation in eq 4 should be interpreted as follows. V s and V es are the initial velocities of S adsorption when E 0 ) 0 and E 0 f ∞, respectively (note that S 0 ) ES at E 0 f ∞ in the equation for V es ). Fitting of the experimental data was performed using eq 4 with three regression coefficients: V s , V es , and K s . 
